When saturated vapor passes over a colder substrate, liquid drops nucleate and grow by coalescence with surrounding drops. Typically speaking, nucleation and growth rates of water droplets are faster on a hydrophilic surface than on a hydrophobic surface. However, heat transfer efficiency degrades once surface becomes filmwise condensation. In this paper, vapor condensing on a gradient surface to prevent filmwise condensation is studied. New gradient surfaces are fabricated. It is demonstrated that 10% increase of condensation heat flux can be achieved on a silicon wafer with C = 1 mm gradient surface. The main mechanism for heat transfer enhancement is found to be that drops condensing on C = 1 mm gradient surface begin to move at a much smaller size compared with those on silicon wafer without modification.
Introduction
A huge heat transfer flux can be achieved when vapor condenses on a surface. However, heat transfer efficiency degrades if filmwise condensation occurs. Therefore, how to prevent filmwise condensation becomes a critical technique. For a typical condenser, the droplets are dripping from a surface due to gravity force. In this case, droplets have to grow until a certain size (~2 mm) before they can drip from a surface. In this study, surface modification techniques are applied so that they can induce droplet motion by using a surface tension gradient substrate, 1 as shown in Fig. 1 . The droplets formed on hydrophobic surfaces tend to move toward hydrophilic surface. Thus, surface is always ready for new drop condensation. Hence, phase change heat transfer can be enhanced. In this paper, new surface modification techniques are developed for better control of surface tension gradient. Vapor condensation on silicon wafers with and without surface tension gradient are investigated experimentally.
New Surface Modification Techniques for Gradient Surface Fabrication
Several surface tension gradient fabrication techniques have been presented. 2−7 The typical technique to prepare the symmetric gradient surface is the use of diffusioncontrolled silanization. For example, one can fabricate a gradient surface by depositing octyltrichlorosilane on a silicon substrate by diffusion-controlled CVD method. Since gradient surface is controlled by diffusion, it is difficult to fabricate a gradient surface with a specific slope. To overcome the problem, a new surface modification technique by bonding selectivity of 1-Dodecanethoil on gold-coated substrate is proposed. The contact angles before and after 1-Dodecanethoil surface modifications (Fig. 2) . Cassie-Baxter equation 8 shows that theoretical contact angle of new composite surface can be obtained by 1 2 (
where θ c , θ 1 and θ 2 are contact angles of new composite surface, unmodified surface and modified surface respectively. AR is the area ratio of modified surfaces. According to Cassie-Baxter equation, one can fabricate a gradient surface by using area ratio (AR) between unmodified surface and modified surface. The contact angle of composite surface can be controlled precisely. By using photolithography, 9 we can precisely design area ratio and control contact angle gradient along x direction. Figure 3 shows gradient surface array on silicon substrate with gradient direction α = 60 o and its contact angle distribution along x-direction on different gradient surfaces.
Experimental Setup
Surface modification technique is applied to condensation experiment, as shown in Fig. 4 . In Fig. 4 , experimental setup uses both gravity and surface tension gradient as droplet driven forces. Experimental setup includes two parts: The first part is the steam generator and condenser chamber part. Vapor is generated by a steam generator ( (1) in Fig. 4 ) and vapor is prevented from condensation by a heater ( (2) in Fig. 4 ). In condensation chamber ( (7) in Fig. 4 ), silicon wafer with gradient surface is tested. The second part is cooling system behind condenser surface. The cooling system consists of flow meter ( (3) in Fig. 4 ) and a control valve ( (4) in Fig. 4 ), mixer ( (5) in Fig. 4 ) and heat exchanger fins ( (6) 
Experimental Results and Discussion

A. Maximum departure droplet size
In this paragraph, discussion is based on visualization of maximum departure droplet size on different surfaces. Figure 6 shows snapshots of maximum departure droplet size on the hydrophilic (θ c = 18 o ), hydrophobic (θ c = 102 o ) and gradient surfaces with array distance of C = 5 mm and C = 1 mm. On hydrophilic surface, filmwise condensation is identified in many areas of Fig. 5(a) . On the other hand, dropwise condensation droplets appear on a hydrophobic surface in Fig. 5(b) . It is also noticed that the maximum departure drop size before movement is about 2 mm on both hydrophilic and hydrophobic surfaces (the red circle in Figs. 5(a) and 5(b)). Since experimental setup is vertical to ground, gravity helps droplets to move downward. On both hydrophilic and hydrophobic surfaces, droplets are driven by gravity only. Therefore, their maximum departure drop sizes are the same. 
B. Heat flux measurement results
Under different flow rates, one can measure heat flux for various designs of condensation surfaces by using Eq. (2). Figure 6 depicts heat flux for silicon wafer without modification, and with C = 1 mm gradient surface array. The silicon wafer with C = 1 mm gradient surface shows 10% higher heat flux than the silicon wafer without modification.
Conclusion
Surface tension gradient modification techniques are applied in condensation experiments. The results show that silicon wafer with gradient C = 1.0 mm achieves higher efficiency than the silicon wafer without modification. The mechanism is studied and it is found that random condensing droplets on gradient will nucleate and grow to a certain size and move toward hydrophilic side of surface. Powered by this force, condenser surface will not grow into filmwise condensation situation. Thus condensation speeds are faster than those of typical surfaces without any surface modification. This effect has implications for passively enhancing heat transfer in heat exchangers or heat pipes.
